A simulation study demonstrates how coherent control, combined with adaptive polarization pulse shaping and a genetic algorithm, may be used to simplify femtosecond coherent nonlinear optical signals of excitons. Cross peaks are amplified and resolved, and diagonal peaks are suppressed in the heterodyne-detected two-pulse echo signal from the Soret band of a porphyrin dimer coupled to a Brownian oscillator bath. Various optimization strategies involving the spectral, temporal, and polarization profiles of the second pulse are compared.
I. INTRODUCTION
Coherent four-wave-mixing measurements performed with sequences of optical pulses with variable delays provide direct probes for electronic and vibrational motions in complex molecules. [1] [2] [3] [4] Dynamical information may be extracted by using two dimensional ͑2D͒ correlation plots of these spectra. [5] [6] [7] An important challenge in the interpretation of nonlinear optical signals is the identification of spectral features corresponding to a given Liouville space pathway of the density matrix trajectory. [7] [8] [9] In small molecules with well-resolved spectra, this can be accomplished by simply tuning the laser frequencies. 2D electronic spectroscopy has recently been shown indispensable in unravelling the pattern of electronic couplings between the constituent bacteriochlorophyll pigments of the Fenna-Matthews-Olson ͑FMO͒ photosynthetic light-harvesting protein. 7, 8 These couplings, observed as cross peaks in the 2D spectra, determine the energy flow time scales between chromophores, which is crucial for understanding the mechanism of photosynthesis.
A major difficulty in analyzing 2D spectra in complex systems is the spectral overlap of cross peaks with the more intense diagonal peaks. In this paper we demonstrate how coherent nonlinear signals of excitons in aggregates may be simplified by shaping the electric field envelopes and polarizations. Various pulse-shaping algorithms are applied to control the amplification of weak spectral features in heterodyne-detected 2D two-pulse photon echo ͑PE͒ signals of the Soret band of a porphyrin dimer. Many natural and artificial light-harvesting systems containing porphyrins and porphyrin dimers as building blocks have been investigated. [10] [11] [12] Porphyrin chromophores have a relatively rigid structure and favorable spectroscopic properties such as good photochemical stability. The most intense electronic absorption feature, the Soret band, becomes more congested as the number of chromophores is increased. We have chosen a simple porphyrin dimer to test various pulse-shaping algorithms.
Coherent-control pulse-shaping techniques have been used to drive quantum systems into a desired state [13] [14] [15] [16] [17] and to manipulate excitons in multidimensional spectroscopy. [18] [19] [20] [21] [22] [23] Shaping the polarization state of the electric field provides a new class of control parameters. 24 Gerber and co-workers 17, 25, 26 had employed a polarization pulse shaper to manipulate the amplitude, phase, and polarization state of different frequency components of a short laser pulse. This allows to control the time-dependent polarization of light ͑the degree of ellipticity and the orientation of the ellipses͒. Adaptive laser pulse shaping was applied to control the cistrans isomerization of a cyanine molecule in the liquid phase. 27 Oron et al. had used polarization control to eliminate the nonresonant background and to selectively excite closely lying Raman modes in coherent anti-Stokes Raman spectroscopy. 28 Recent simulations of optimal control of model quantum systems using shaped polarized laser pulses have been applied to optimize the yield and access otherwise unattainable excited states. 29 Improved control quality was achieved compared to the linearly polarized shaped pulses. Polarization pulse shaping has been applied to control the exciton localization dynamics in an ensemble of energetically disordered and randomly oriented FMO complexes. 23 For ensembles of a few ͑ϳ10͒ molecules, polarization pulse shaping has shown significant advantage over purely spectral and temporal pulse shaping. This advantage decreased for large ensembles with Ͼ120 molecules.
Polarization-pulse-shaping provides an opportunity to enhance coherent control of other biological systems which have recently been investigated with linearly polarized pulses. 21, 30 Prokhorenko et al. 31 were able to increase or decrease the absolute quantum yield of isomerization of the retinal molecule in bacteriorhodopsin by 20%. They used a genetic algorithm with a feedback loop to produce optimal low-intensity laser pulses with shaped spectral amplitudes and phase profiles.
The four-wave mixing ͑FWM͒ processes discussed in this paper depend on a different type of interference. These signals are described by the third order polarization which can be expressed using the third order response function S ␦␥␤␣ ͑3͒ ; a fourth rank tensor with respect to the field polarization ͓␣, ␤, ␥, ␦ = x, y, z denote the polarizations of the electric field E ͑r , ͔͒,
j are the interaction times with the fields, and r is the molecular position ͑Fig. 1͒. The signal is generated along eight phase-matching directions k s = ±k 1 ± k 2 ± k 3 . Here k j is the wave vector of the jth pulse. Generally, S ͑3͒ has 8 ϫ 81 terms ͑8 Liouville space pathways and 81 tensor components͒. 1 Each term further involves a fourfold summation over molecular eigenstates, and the signal W ␦ ͑k s ͒ shows multiple interferences among these contributions. Another type of interference arises from the multiple integrations over electric fields E ͑r , ͒ in Eq. ͑1͒.
In this paper we consider two-pulse 2D photon echo signals obtained by using a Gaussian linearly polarized first pulse with wave vector k 1 and a shaped second pulse k 2 ͑Fig. 1͒. A third, local-oscillator Gaussian pulse, with k s is used to heterodyne the signal. We have calculated the signal in the direction k s =−k 1 +2k 2 , where the time delays between pulses 1 and 2 and between pulse 2 and the heterodyne pulse are used as the experimental control parameters. 2D correlation spectra are obtained by a Fourier transform of the signals with respect to the two delays.
In our previous work we employed these effects to simplify the pump-probe spectrum of a model helical pentamer using pure-phase polarization pulse shaping with genetic and iterative Fourier transform algorithms. 22 New features were resolved in the otherwise congested pump-probe spectrum. Interferences between chirality-induced pathways calculated to first order in wave vector 32 have shown the ability to disentangle weak features in 2D spectra of a porphyrin dimer. 33 The model system and the simulations are outlined in Sec. II, and the results are discussed in Sec. III.
II. OPTIMIZED 2D PHOTON ECHO SPECTRA OF A PORPHYRIN DIMER
The Soret band was described by the Frenkel exciton model using the parameters reported earlier. 33, 34 The exciton Hamiltonian and the crystal structure parameters of the "complex 5" dimer of Zn porphyrin were taken from the work of Won et al., 34 shown in their Fig. 6 . The electronic level scheme has three manifolds: a ground state ͑g͒, four singly excited states ͑e͒, and six doubly excited states ͑f͒.
Matrix elements of the one-exciton Hamiltonian are given in Table I͑A͒ . The transition electric dipoles of the monomers which pass through the nitrogen atoms are given in Table I ͑B͒. 33 Each porphyrin has two electronic transitions. The dipole interaction of the system with the optical field within the rotating wave approximation is
where E j ͑͒ϵA j ͑͒exp͑−i j ͑͒͒ are the complex electric field envelopes. A j ͑t͒ is the real amplitude of the electric field of pulse j polarized along = x , y , z, and j ͑t͒ is the phase profile. m is the th component of the transition dipole moment of the mth molecule.
The correlation functions of the frequency fluctuations of various electronic transitions are given by
The experimental absorption spectrum was fitted using the following parameters: the fluctuation magnitude ⌬ respect to a laboratory frame was performed using Eqs. ͑38͒ and ͑41͒ of Ref. 32 . The independent tensor components are S xyxy , S xxyy , and S xyyx . The impulsive third order 2D correlation signal is defined as
where t 1 , t 2 , and t 3 are the time delays between the interactions with the laser fields i ͑Fig. 1͒, and we set t 2 = 0 fs. The various tensor components of S ␦␥␤␣ ͑3͒ ͑⍀ 1 , ⍀ 2 ͒ are displayed in Fig. 3 . The top row represents the xxxx component ͑S xxxx = S xyxy + S xxyy + S xyyx ͒ with a small width ⌫ =10 cm −1 chosen in order to identify the various possible peaks. The various resonances assigned in Table II To calculate the 2D PE signals obtained with shaped laser pulses, we need to perform multiple time integrations and take Fourier transforms with respect to the time delays between the first and second laser pulses, , and between the second and the local oscillator pulses, t,
where E jv ͑t͒ are the complex laser pulse envelopes. A rectangle fivefold numerical integration was performed with a uniform 60 point grid in each time variable between 0 and 600 fs.
The heterodyne-detected two-pulse 2D photon echo spectra calculated with finite laser pulses ͓Eq. ͑6͔͒ are shown in Fig. 5 . We start the optimization with parallel linearly polarized laser pulses, E͑͒ = E 0 exp͓−͑ − 0 ͒ 2 /2 2 ͔ for the first pulse, and apply a linear chirp to the second pulse, 32 The initial 2D PE spectrum obtained with two Gaussian linearly polarized pulses with = 6111 cm −1 ͑top row͒ has two major diagonal peaks, D1 and D2, and the weak and less resolved off-diagonal peaks, C1 and C2. The major contributions to D1 and D2 are the one-exciton states at ⌬⍀ 1 Ј and ⌬⍀ 3 Ј, respectively. C1 is dominated by resonances 3 and 5 ͓Fig. 4͑a͔͒ and C2 by resonance 2 ͓Fig. 4͑c͔͒. and xyyx. Absolute value ͑left͒, real part ͑middle͒, and imaginary part ͑right͒. Linewidth ⌫ =10 cm −1 ͑first row͒ and ⌫ = 486 cm −1 ͑rows 2-5͒.
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We have applied coherent control with adaptive pulse shaping in order to amplify the off-diagonal ͑C1 and C2͒ relative to the diagonal ͑D1 and D2͒ peaks. The first pulse ͑k 1 ͒ is Gaussian. Pulse shaping was applied only to the second laser pulse ͑k 2 = k 3 ͒, which is separated from the first pulse by . The two pulses are temporally well separated. We define the jth peak integrated intensity,
with ␦ = 300 cm −1 . The ratios of the integrated diagonal and cross peaks T 1 = ͑I D1 + I D2 ͒ / I C1 and T 2 = ͑I D1 + I D2 ͒ / I C2 were used as cost functions and minimized using a genetic algorithm ͑GA͒ as described in Refs. 18, 22, and 36. The initial shape of the second pulse was used as a window function in the GA implementation. 18 Four pulse shaping forms for the second pulse were used for the T 1 target. The first ͑ST ʈ ͒ involves spectral and temporal shaping of parallel linearly polarized pulses. The real and imaginary components of the electric field were varied on a 60 point time grid. We used the complex electric field envelopes E jx ͑͒ = E jy ͑͒ with j =1,2 to obtain the xxxx tensor component. The second form ͑ST Ќ ͒ involves spectral and temporal shaping with perpendicular linearly polarized pulses. We set E 2x ͑͒ = 0 and E 1y ͑͒ = 0, and the only surviving tensor component is xyyx. The third form ͑P͒ used purephase polarization pulse shaping, using the iterative Fourier transform ͑IFT͒ algorithm described previously. 22, 37 We varied the temporal components A jx ͑t͒ and A jy ͑t͒ holding the total temporal intensity profile I j ͑t͒ = A jx 2 ͑t͒ + A jy 2 ͑t͒ as well as the spectral profile I j ͑͒ = B jx 2 ͑͒ + B jy 2 ͑͒ fixed to the initial values. The temporal ͑ j ͑t͒͒ and spectral ͑ j ͑͒͒ phases were calculated using the IFT algorithm. To obtain A j ͑t͒ we varied the auxiliary angle j ͑t͒ on a grid of 60 points allowing 60 parameters of GA. The fourth form ͑STP͒ involves temporal, spectral, and polarization pulse shaping. The linearly polarized pulse shaping described above was applied to both x and y components of the electric field. This gave a total of 240 GA parameters. The corresponding optimizations for target T 2 are labeled by a prime: ST ʈ Ј, ST Ќ Ј , PЈ, and STPЈ.
Convergence of the cost function was assumed when the change of the average cost of the population of GA was less than 0.1%. This took 10-50 generations.
The initial choice of the chirped second laser pulse as an input to the GA covers the entire Soret band of the dimer and provides a sufficiently long temporal width of ϳ50 fs for pulse shaping. GA is a well-established statistical optimization technique, which provides a set of near-minimum solutions. Thus, starting with different initial conditions will lead to different solutions ͑laser pulse shapes͒ converging with an Fig. 4 ; ⍀ i Ј and ⍀ i Љ are the one-and two-exciton frequencies, respectively ͑Ref. 33͒. Different columns correspond to A, B, C, D slices shown in Fig. 3 ͑top left͒. increase of a number of generations to a global minimum. The GA can escape local minima with the help of randomly modulated members of the population. Figure 6 shows the optimization trajectories for the four pulse shaping forms. The distribution of the cost function in the population of the GA is indicated by circles. Its average ͑solid line͒ indicates the convergence. ST ʈ , ST Ќ , P, and STP minimized T 1 with respect to the W xxxx spectra by factors of 22, 19, 8 , and 36, respectively. T 2 was minimized by factors of 12, 150, 21, and 191, respectively. The optimal 2D PE spectra and the tensor components are displayed in Fig. 5 . Peaks D1, D2, C1, and C2 are marked by circles. Arrows point to the amplified target peaks. Figure 5 shows that the spectral/temporal optimizations ͑ST͒ do not result in a significant amplification of the target peaks but suppress the diagonal peaks D1 and D2. Purephase polarization pulse shaping amplified C1 and C2, as shown with arrows in Fig. 5 ͑P and PЈ͒. Complete resolution and amplification of the target peaks are only achieved using the STP and STPЈ. Slices of the absolute values of the 2D photon echo spectra W͑⍀ 1 , ⍀ 2 ͒ for the optimized laser pulses for the optimization targets T 1 and T 2 are shown in Fig. 7 . ͑These correspond to the A and C slices in Fig. 4 , respectively.͒ The cross peaks C1 and C2 are amplified, and the diagonal peaks D1 and D2 are suppressed ͑shown by arrows͒ using STP ͑dashed red lines͒. Also shown are ST Ќ and ST Ќ Ј leading to peak shifts. Wigner spectrograms of the optimal linearly polarized pulses,
are shown in Fig. 8 .
The polarization-shaped pulses are displayed using the quasi-three-dimensional ͑3D͒ electric field representation based on specifying the temporal intensity I j ͑t͒, total phase j ͑t͒, orientation of the ellipse j ͑t͒, and ellipticity j ͑t͒. 25, 38 In Fig. 9 we display these parameters as a set of instantaneous light ellipses at different times along the propagation axis of the electric field. The ellipse size represents the intensity and their shapes provide instantaneous snapshots of the polarization state. The projections represent the intensities of individual electric field components. The variation of the total phase ͑chirp͒ is shown by color. In Fig. 10 separately the electric field parameters for the P and STP, the optimized temporal amplitudes and phases ͑left͒, and the orientation of the ellipse j ͑t͒ and ellipticity j ͑t͒ ͑right͒.
III. DISCUSSION
Several pulse shaping strategies were applied towards the control of the multidimensional spectra of the Soret band excitons in a porphyrin dimer. A genetic algorithm was used to search for the optimized laser pulses by manipulating the x and y components of the electric field. Weak cross peaks are enhanced compared to the intense diagonal peaks. The optimized electric fields with different polarizations select different Liouville space pathways of the tensor components of the response functions, highlighting several tensor elements with distinct features.
The best STP optimization of the cross peak C1 ͑x36͒ was achieved within 30 generations ͑Fig. 5͒. All pulse shaping forms suppress the diagonal peak D1. However, ST ʈ and ST Ќ do not enhance resonances 4 and 5 which contribute to the cross peak C1 ͓see Fig. 4 , Eq. ͑1͒, and Table II͔ . Both linearly polarized shaping of the second laser pulse in the parallel ͑ST ʈ ͒ and perpendicular ͑ST Ќ ͒ configurations lead to the enhancement of the contribution of resonance 3 which is not the major component of C1 in the initial spectrum. Ј.
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Voronine, Abramavicius, and Mukamel J. Chem. Phys. 126, 044508 ͑2007͒ achieve the complete resolution and amplification of the peaks. Figure 10 shows that significant modulations of both ellipticity and orientation of the ellipses are required for the optimization. The simulated laser pulse shapes can be realized experimentally with current laser pulse shaping techniques. 17, 25, 26, 39, 40 An automated and optimal way to generate polarization-shaped femtosecond laser pulses for coherent control experiments have been demonstrated. 26 This technique also includes a method of a precompensation of dispersion and polarization modulation, which is important in the experimental implementation of the polarization control of spectroscopy.
Polarization pulse shaping provides a large number of tensor components of the signal selected by the x and y projections of the laser field with a well-defined phase relationship. These provide additional coherent control parameters. In the case of ST ʈ and ST Ќ , a fewer number of tensor components could not achieve our targets. The best result is the suppression of the diagonal peaks, and the amplification of the cross peaks from a region outside of the circles, whose wings, however, overlap with the target cross peaks ͑Fig. 5, ST ʈ and ST Ќ ͒. Instead of an amplification, it results in a peak shift, which carries additional interesting information about the system, but is not the goal of the optimization. Figure 7 ͑T 1 ͒ shows that the major contribution to the shifted peak is resonance 3. The suppression of the diagonal peaks is not complete, but there is a significant enhancement of the cross peaks.
The best ͑x191͒ optimization of the cross peak C2 was achieved within 30 generations ͑Fig. Ј the ratio of C2/D2 Ͼ 1, and the major contributing resonance is 5. The effect of phase has also been demonstrated in PЈ which suppressed the diagonal peak D1 ͑x21͒.
The tensor components of the third order response expanded to first order in wave vector ͑beyond the dipole approximation͒ are induced by molecular chirality ͑they have opposite signs for mirror image of structure͒ and, therefore, are very promising for polarization-controlled applications. 32 Their dependence on the four optical wave vectors brings additional control parameters ͑magnitudes and directions of the wave vectors͒. The control of these parameters for chiral systems such as helical structures will be an interesting direction for a future study.
